New spectral functions of the near-ground albedo derived from aircraft diffraction spectrometer observations by C. A. Varotsos et al.
Atmos. Chem. Phys., 14, 6953–6965, 2014
www.atmos-chem-phys.net/14/6953/2014/
doi:10.5194/acp-14-6953-2014
© Author(s) 2014. CC Attribution 3.0 License.
New spectral functions of the near-ground albedo derived from
aircraft diffraction spectrometer observations
C. A. Varotsos1, I. N. Melnikova2, A. P. Cracknell3, C. Tzanis1, and A. V. Vasilyev4
1Climate Research Group, Division of Environmental Physics and Meteorology, Faculty of Physics, University of Athens,
University Campus Bldg. Phys. V, Athens 15784, Greece
2Laboratory for Atmospheric Physics, Research Center for Interdisciplinary Environmental Cooperation (INENCO RAS),
Russian Academy of Sciences, St. Petersburg, Russia
3Division of Electronic Engineering and Physics, University of Dundee, Dundee DD14HN, Scotland, UK
4Institute of Physics, St. Petersburg State University, Ulyanovskaya 1, 198504 St. Petersburg, Russia
Correspondence to: C. A. Varotsos (covar@phys.uoa.gr)
Received: 1 April 2013 – Published in Atmos. Chem. Phys. Discuss.: 15 June 2013
Revised: 28 September 2013 – Accepted: 2 June 2014 – Published: 9 July 2014
Abstract. The airborne spectral observations of the upward
and downward irradiances are revisited to investigate the de-
pendence of the near-ground albedo as a function of wave-
length in the entire solar spectrum for different surfaces
(sand, water, snow) and under different conditions (clear
or cloudy sky). The radiative upward and downward ﬂuxes
were determined by a diffraction spectrometer ﬂown on a re-
search aircraft that was performing multiple ﬂight paths near
the ground. The results obtained show that the near-ground
albedo does not generally increase with increasing wave-
lengths for all kinds of surfaces as is widely believed today.
Particularly, in the case of water surfaces it was found that
the albedo in the ultraviolet region is more or less indepen-
dent of the wavelength on a long-term basis. Interestingly, in
the visible and near-infrared spectra the water albedo obeys
an almost constant power-law relationship with wavelength.
In the case of sand surfaces it was found that the sand albedo
is a quadratic function of wavelength, which becomes more
accurate if the ultraviolet wavelengths are neglected. Finally,
it was found that the spectral dependence of snow albedo be-
haves similarly to that of water, i.e. both decrease from the
ultraviolet to the near-infrared wavelengths by 20–50%, de-
spite the fact that their values differ by one order of magni-
tude (water albedo being lower). In addition, the snow albedo
vs.ultravioletwavelengthisalmostconstant,whileinthevis-
iblenear-infraredspectrumthebestsimulationisachievedby
a second-order polynomial, as in the case of sand, but with
opposite slopes.
1 Introduction
Studies of climate change are of enormous scientiﬁc and hu-
man importance, and a key component of these studies is cli-
mate modelling. Any climate model has to take into account
the energy balance at and near the Earth’s surface and this,
in turn, involves knowing the absorption and reﬂection fac-
tors of the materials of the Earth’s surface. When solar radi-
ation moves from an atmospheric layer into another, both re-
ﬂection and refraction may occur that are fully described by
the Fresnel equations. As far as the refraction is concerned,
the refractive index is interrelated with a dielectric constant
which depends on temperature and frequency (Varotsos and
Miliotis, 1974; Varotsos, 1980; Kostopoulos et al., 1975).
Regarding the reﬂection the term albedo is often used. The
albedo (A) is the dimensionless fraction of the reﬂected elec-
tromagnetic radiation from a surface to the radiation incident
upon it, ranging from zero (for no reﬂection of the radiation
by a perfectly absorbing black surface) to 1 (for complete
reﬂection by a white totally reﬂecting surface).
The albedo depends on the wavelength of the radiation and
the optical features of the reﬂecting surface, and as a result
it is involved in the Earth’s radiative budget, being thus a
crucial climate forming factor of our planet. In this context,
the average surface temperature of our planet is mainly con-
trolled by its albedo and the atmospheric greenhouse effect
(Cracknell and Varotsos, 1994, 1995, 2007a, b, c; Varotsos,
2002, 2005a, b; Feretis et al., 2002; Efstathiou et al., 2003;
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Tzanis et al., 2008; Varotsos et al., 2008, 2012a, b; Chat-
topadhyay and Chattopadhyay, 2010; Efstathiou and Varot-
sos, 2010, 2013; Xue et al., 2011; de la Fuente et al., 2011).
For example, the average Earth surface temperature would
be −40 ◦C if it were frozen entirely and 27 ◦C if all the ice
on its surface were to melt. In addition, the albedo reduc-
tion, due to snow melting, causes more sunlight absorption,
thus increasing the surface temperature (Pegau and Paulson,
2001).
There are two sources of surface albedo observations, no-
tably the Baseline Surface Radiation Network (McArthur,
2005), providing continuous, long-term measurements of
surface radiation ﬂuxes using tower-mounted pyranometers,
and the remotely sensed ones conducted via aircraft and
satellite-ﬂown instrumentation.
The albedo of the Earth’s surface varies widely from place
to place and also, to some extent, as a function of time too.
In constructing a detailed climate model one needs to have
available real data on a rather ﬁne grid rather than just as-
suming an average value over a wide area, and remote sens-
ing provides the only realistic way to obtain and update such
data. The ﬂux tower data are only available from a rather
small number of locations while there are huge areas from
which no data are available. They do, however, provide di-
rect measurements of the quantity required, the albedo. The
remotely sensed systems do provide data over the required
global grid that is necessary for climate modelling, but the
data must be interpreted by employing radiative transfer
models that provide the variables under consideration from
the raw observational data. In the case of satellite observa-
tions the majority of the algorithms used rely on multiple
cloud-free directional satellite observations to ﬁrst build a bi-
directional reﬂectance distribution function (BRDF) model
of the surface. This model is angularly integrated to produce
the reﬂected shortwave ﬂux. However, it is not always fea-
sible to collect the needed observations in a single satellite
pass, and therefore complementary data from multiple or-
bits must be used, reconciling then the varying atmospheric
and irradiance effects. For albedo studies a combination of
geostationary and polar orbiting satellites is preferable, val-
idating the satellite products with those of the ground-based
network.
In remote sensing science the surface albedo precision is
of crucial importance. For instance, surface albedo uncer-
tainties result in large retrieval errors of the aerosol opti-
cal depth, particularly close to the critical surface albedo
(deﬁned as the surface albedo, where the reﬂectance at the
top-of-atmosphere does not depend on aerosol optical depth)
(Seidel and Popp, 2012; Teillet et al., 1994). In addition, the
Moderate Resolution Imaging Spectroradiometer (MODIS)
instruments on board the Terra and Aqua satellites reveal that
the Earth’s albedo varies widely, depending on the geologi-
cal and environmental features, getting an average value (or
planetary albedo) of 0.3–0.35, mainly because of the cloudi-
ness (Cescatti et al., 2012; Lyapustin et al., 2009). As an
example, the maximum Earth terrestrial albedo is found in
the tropics, while the minimum is observed in the subtropi-
cal regions of both hemispheres. Other satellite instruments
providing albedo products are the Multi-angle Imaging Spec-
troRadiometer (MISR), Clouds and the Earth’s Radiant En-
ergy System (CERES), Polarization and Directionality of the
Earth’s Reﬂectances (POLDER), Medium Resolution Imag-
ing Spectrometer (MERIS), Meteosat, and Meteosat Second
Generation (MSG), the European geostationary meteorolog-
ical satellite system.
According to the experimental observations in the visible
spectrum the typical value of albedo for snow is 0.85, for wa-
ter 0.02 at small angles of incident light (Haltrin et al., 2001)
and for clouds ranging from 0 to 0.8 depending on the type of
cloud. It is important to remember that snow albedo is most
sensitive to impurities. Very recently, Hadley and Kirchstet-
ter (2012) performed laboratory measurements in an effort
to quantify the reduction in snow albedo as a function of its
contamination with black carbon, which is an important pa-
rameter in the available atmospheric solar radiative transfer
and climate models (Alexandris et al., 1999; Brandt et al.,
2011; Doherty et al., 2010; Flanner et al., 2007; Gallet et al.,
2009; Katsambas et al., 1997; Kondratyev et al., 1995; Kon-
dratyev and Varotsos, 1995a, b, 1996a, b; Monks et al., 2004;
Varotsos et al., 1995). According to Hadley and Kirchstet-
ter (2012), 200ppb of black carbon is required to decrease
the snow albedo by 5%. For comparison reasons only 10–
20ppb of black carbon (the typical level for many natural en-
vironments) decreases snow albedo by 1%, an amount that is
enough to contribute to global warming, also accelerating ice
melting (Flanner et al., 2007; Hansen and Nazarenko, 2004).
In summary, the satellite-borne remote sensing techniques
employ many necessary steps for the retrieval of surface
albedo, each with its own set of assumptions and uncertain-
ties. For instance, some techniques have ignored BRDF and
assumed a Lambertian surface (i.e. reﬂecting equally in all
directions). Others have applied atmospheric models using
climatological atmospheric proﬁles rather than ﬁeld mea-
surements. These simpliﬁcations, however, can lead to larger
errors, while the accuracies of ±0.02 to ±0.05 are necessary
for general circulation models (GCMs).
The present paper presents an investigation of the in-ﬁeld
spectral albedo of the Earth’s surface with high-resolution
observations from the ultraviolet (UV) to the near-infrared
(NIR) that were acquired by multiple aircraft ﬂights over
water, sand and snow surfaces. The ﬁndings will contribute
to the solution of the remote sensing problems stemming
from the heterogeneity of albedo and reﬂectance anisotropy
(Schaepman-Strub et al., 2006; Román et al., 2011). In addi-
tion, these ﬁndings will improve the accuracy and precision
of the assessment of the Earth’s “radiation budget”, which is
calculatedastheabsorbedshortwaveradiationminustheout-
going longwave radiation, where one critical parameter is the
surface albedo. However, small errors in albedo can translate
into large errors in energy estimates. This makes it important
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Table 1. Dates, time, solar elevation and locations of the ﬂights implemented over sand, water and snow.
Dates of ﬂights Lat. (◦) Long. (◦) Moscow time Greenwich time Elevation h Zenith angle θ cos θ
over sand (astr/mic)
9 Oct 1983 39 60 09:47 07:47 28◦ 3404000 61.5◦ 0.477
10 Oct 1983 39 60 09:47 07:47 28◦ 1902400 61.7◦ 0.474
11 Oct 1983 39 60 10:06 08:06 30◦ 5403600 59◦ 0.515
12 Oct 1983 39 60 09:05 07:05 21◦ 0001900 69◦ 0.358
13 Oct 1983 39 60 10:47 08:47 39◦ 350 52◦ 250 0.610
14 Oct 1983 39 60 10:12 08:12 41◦ 520 50◦ 180 0.639
16 Oct 1983 39 60 10:03 08:03 33◦ 540 51◦ 0.629
19 Oct 1984 38:35 63:20 09:47 07:47 25◦ 4803000 64.2◦ 0.435
23 Oct 1984 38:35 63:20 10:05 08:05 38◦ 180 53◦ 420 0.592
24 Oct 1984 38:35 63:20 08:09 06:09 18◦ 1404000 71.75◦ 0.313
26 Oct 1984 38:35 63:20 09:14 07:14 39◦ 1703300 50.8 0.632
13 May 1984 60:35 31:31 12:55 10:55 48◦ 260 51◦ 340 0.622
14 May 1984 60:38 31:36 12:35 10:35 39◦ 530 50.2◦ 0.640
15 May 1984 60:32 31:33 12:44 10:44 47◦ 370 52◦ 230 0.611
16 May 1984 60:33 31:35 12:46 10:46 47◦ 2202500 42.7◦ 0.735
17 May 1984 60:39 31:32 12:56 10:56 48◦ 310 51◦ 290 0.623
18 May 1984 60:35 31:33 12:19 10:19 48◦ 410 41.4◦ 0.750
14 Apr 1985 61:30 31:30 10:44 8:44 32◦ 110 57◦ 490 0.542
28 Apr 1985 60:49 31:52 13:51 11:51 47◦ 010 52◦ 590 0.602
26 Mar 1984 61:53 31:35 12:57 10:57 31◦ 330 59◦ 270 0.508
to actually measure the albedo of e.g. snow-covered areas
rather than apply single-value climatological averages over
broad regions and time periods, given that snow albedo is
highly variable, ranging from as high as 0.9 for freshly fallen
snow, to about 0.4 for melting snow, and as low as 0.2 for
dirty snow.
2 Data and instrumentation
2.1 Experimental campaign and equipment
The observations were obtained with a well-calibrated
diffraction spectrometer ﬂown on an experimental aircraft.
This spectrometer includes three components: a light ﬂux
disk shutter with a modulator, a monochromator with a
diffraction lattice and a receiving–recording unit. In par-
ticular, the monochromator (operating in the spectral re-
gion 250–1000nm) is of Ebert–Fastie type and comprises
an entrance and three exit slits, two concave spherical mir-
rors (with a focal length of 300mm) and replica grating
with 600linesmm−1. Three photomultipliers were employed
as detectors in the wavelength (λ) ranges: λ ≤ 400nm,
350nm≤ λ ≤700nm and 650nm≤ λ ≤ 1000nm. The spec-
tral resolution of the spectrometer was 2nm and the record-
ing time for one spectrogram was around 7s. An automat-
ically rotating periscope alternatively detected the radiative
downward and upward ﬂuxes within 3s (the time for its up
and down motion). More structural details for this spectrom-
eter and its accuracy are given by Melnikova and Mikhaylov
(1994).
Complementary information on the instrumentation is also
given by Melnikova and Vasilyev (2004) and in Melnikova
(2005). It should be clariﬁed that the aircraft performed
near-ground ﬂight paths (≈0.5km) and thus the atmospheric
masking to the calculated albedo was negligible (Webb et al.,
2000). To avoid however any bias of the observations from
atmospheric scattering and absorption between the surface
and the ﬂight level, the data were corrected by retrieving the
areal spectral surface albedo (Wendisch et al., 2004).
Table 1 depicts the primary details of the conducted exper-
imental campaigns, which will be discussed in the next sec-
tion in detail. Apart from these observations, earlier and later
aircraftcampaignswillalsobepresentedinordertoelaborate
the principal ﬁndings of this paper. For instance, the NASA
airborne data will additionally be presented, which have been
obtained below a cloud layer by aircraft ﬂights at an altitude
around 350m at South Africa (20.0–21.7◦ S, 13.0–13.7◦ E)
(Gatebe et al. 2003; Genya et al., 2011). These observations
were made in eight spectral channels, 340, 381, 472, 682,
870, 1.035, 1.219, and 1.273nm, with the Cloud Absorp-
tion Radiometer (CAR) (King, 1987; King et al., 1990, 1996;
Gatebe et al. 2003, 2005).
In the following section the accuracy and precision of the
methods employed and the observations collected will be
presented in detail.
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Table 2. Deviation of the zeroth harmonic ρ0(0.67, 0.67) of the reﬂection function from unity.
g 0.3 0.5 0.75 0.8 0.85 0.9


1−ρ0(0.67,0.67)


 0.0037 0.024 0.021 0.0059 0.013 0.0046
Table 3. Albedo (As) of the Atlantic Ocean surface, derived from airborne observations conducted by the CAR instrument at various
wavelengths (λ) (MSD: mean square deviation).
λ, nm 340 381 472 682 870 1035 1219 1273
As 0.0674 0.0706 0.0511 0.0464 0.0437 0.0422 0.0409 0.0441
MSD 0.0036 0.015 0.0012 0.0012 0.0012 0.0012 0.0010 0.0012
2.2 Accuracy and precision of the methods and
observations
Regarding the degree of closeness of the calculated albedo
values to the actual (true) albedo values (accuracy), the fol-
lowing must be taken into account. In the case of using the
solar irradiance observations, the albedo values are conven-
tionally inferred by dividing the upwelling irradiance by the
downwelling one at the bottom of the atmosphere (at the low-
est observational level, that is the lowest ﬂight level of about
0.2–0.5km). In the case of using radiance, however, the situ-
ation is more complicated. For instance, in overcast sky con-
ditions the convenient approach proposed by Melnikova et
al. (2000) was utilised. In particular, the value of the cosine
of the zenith viewing angle µ=0.67 (which corresponds to
48◦) leads to the case when the zeroth harmonic of the re-
ﬂection function ρ0 is close to unity. Thus, the reﬂected ra-
diance measured at viewing angles close to 48◦ is equal to
the reﬂected irradiance (the same is also true for transmit-
ted radiation). Both irradiance and radiance measured at so-
lar zenith angle 48◦ approximately coincide with the spheri-
cal albedo of the cloud layer. For the observations presented
here, the deviation of the zeroth harmonic of the reﬂected
function from unity

1−ρ0(µ,µ0)

 is presented in Table 2,
when the phase function asymmetry parameter g varies in
the interval (0.3, 0.9) and µ = µ0 = 0.67. Normally the pa-
rameter g varies between −1 and 1, and for g >0, forward
scattering is dominant, while for g <0, backscattering pre-
dominates. From Table 2 it is evident that the deviation from
unity is about 10%.
It should be stressed that according to King (1987) the re-
ﬂection function that is calculated for the Mie phase function
(fair weather cumulus clouds) differs from unity by 2–5%
at zenith angles in the range 47–50◦. Hence, for the obser-
vations that were conducted at these zenith angles and are
presented here, the reﬂection function is close to unity.
It should be noted that the diffused radiation ﬁeld is very
important at the viewing or solar directions around 48◦. In
this regard, Boucher (1998) suggested that if the solar inci-
dent angle is about 45–50◦ (0.643<µ0 <0.707), the impact
of different phase functions on the radiative forcing is al-
most the same. Concerning the inﬂuence of scattering effects
on our observations the suggestion made by Kokhanovsky
(1998) was taken into account, according to which the par-
ticle size distribution has a slight inﬂuence on cloud phase
function at scattering angles about 90◦ (that approximately
corresponds to cosines of zenith angle µ0 = µ = 0.67).
The application of the above-mentioned approach to the
ground albedo estimation from diffuse radiance observation
provides the result presented in Table 3. The relative mean
square deviation obtained from averaging over 10 scan points
shows the small error in the degree of reproducibility or re-
peatability of the observations (precision).
3 Discussion and results
3.1 Spectral water albedo
3.1.1 Water albedo vs. wavelength in the entire solar
spectrum
Starting from the case of the water surface Fig. 1 is pre-
sented, which illustrates the variability of the near-ground
albedo values derived from the radiative upward and down-
ward ﬂuxes measured by the research aircraft ﬂying very
close (0.4–0.5km) to the water surface of Lake Ladoga be-
tween 13 May and 18 May 1984 under clear sky conditions
(see Table 1).
The principal result drawn from Fig. 1 is that the water
albedo decays with wavelength throughout the solar spec-
trum. It is worth noting that the seven spectrograms recorded
over Ladoga between 13 and 18 May 1984 give almost coin-
cident decay curves with an average ﬁt line simulated by the
power-law equation A = 2541.1λ−1.76 with R2 = 0.97. As
far as the UV region is concerned, the water albedo shows
a remarkable maximum around 335nm, which will be dis-
cussed in the next subsection.
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Table 4. Dates and ﬁt equations along with the errors of the coefﬁcients for water albedo shown in Fig. 3. All given a, b values are statistically
signiﬁcant at the 95% conﬁdence interval.
Dates Power-law ﬁt equation (y =axb) Error for a Error for b
13 May 1984 y = 2783.9x−1.78 327.2 0.02
14 May 1984 y = 2783.8x−1.78 327.2 0.02
15 May 1984 y = 2776.3x−1.78 326.7 0.02
16 May 1984 y = 2777.7x−1.78 327.1 0.02
17 May 1984 y = 2780.5x−1.78 327.6 0.02
18 May 1984 y = 2748.9x−1.77 322.1 0.02
Table 5. Fit equations along with the errors of the coefﬁcients for sand albedo and for the three dates shown in Fig. 4. All given a, b, and c
values are statistically signiﬁcant at the 95% conﬁdence interval.
Dates Second-order polynomial Error for a Error for b Error for c
ﬁt equation
(y =ax2 +bx+c)
12 Oct 1983 y =–1×10−6x2+ 0.0025x − 0.6144 3.1×10−8 4.1×10−5 0.0123
13 Oct 1983 y =−9×10−7x2+ 0.0018x − 0.4238 3.3×10−8 4.2×10−5 0.0125
23 Oct 1984 y =–1×10−6x2+ 0.002x − 0.4347 3.2×10−8 4.1×10−5 0.0121
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Figure 1. Spectral dependence of the water albedo throughout the
spectrum from the UV to the near-infrared. Green line: Black Sea.
(Pink, cyan, blue, deep pink) lines: Lake Ladoga. Burlywood line:
Atlantic Ocean (12 July 1974). Dark green squares: NASA values
(Atlantic Ocean, 13 September 2000). Rose line: Sea of Azov (15
October 1972).
3.1.2 Water albedo vs. wavelength in the UV region
As mentioned in Sect. 3.1.1, the power-law ﬁt seems to offer
an accurate simulation of the variation of the water albedo
vs. wavelength from the UV spectrum to the NIR region (see
Fig. 1). However, a careful inspection of Fig. 1 shows that the
spectral water albedo in UV does not ﬁt well to the power-
law approximation, despite the fact that the entire spectral
proﬁle of water albedo is accurately simulated by the power-
law ﬁt. In fact, it is obvious from Fig. 2, which presents the
albedo proﬁles derived from multiple spectrograms that were
recorded on ﬁve consecutive days. The remarkable feature in
Fig. 2 is that on a long-term scale the spectral water albedo in
the UV region is almost constant. This conclusion suggests
that the simulation of the spectral dependence of the water
albedo in the UV and visible NIR must be investigated sepa-
rately. It will be done in the next subsection.
Before that, it should be noted that the local maxima ob-
served in the interval 330–340nm may be attributed to the
fact that Rayleigh scattering (and thus reﬂectivity) increases
towards smaller wavelengths.
3.1.3 Water albedo vs. wavelength in the visible IR
region
The above-mentioned ﬁnding about the independence of the
water albedo from the wavelength in the UV region dictates
the necessity for re-examining the spectral water albedo vs.
wavelength in the visible and NIR regions, ﬁrst eliminating
that of the UV.
TheresultsobtainedaredepictedinFig.3(seealsoTable4
for errors), where the most remarkable feature is that the wa-
ter spectral albedo in the visible and the NIR regions obey the
same power-law relationship. A comparison between Figs. 1
and 3 shows that, investigating the water albedo in the en-
tire spectrum (from UV to NIR), the simulating power-law
relationship varies from proﬁle to proﬁle, whilst it remains
almost the same if this investigation is made from the visible
to the NIR region (neglecting UV). In addition, Fig. 1 pro-
vides a false impression of the spectral variability of water
albedo in the UV region (i.e. power-law dependence), since
Fig. 2 dictates an independence of the water albedo over a
long range of UV wavelengths.
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Figure 2. Spectral variability of albedo for water surface in the UV
region only measured on 13 May 1984 (black line), 14 May 1984
(red line), 15 May 1984 (blue line), 16 May 1984 (green line) and
17 May 1984 (cyan line).
3.2 Spectral sand albedo
3.2.1 Sand albedo vs. wavelength in the entire solar
spectrum
Now the sand albedo as a function of wavelength is stud-
ied by utilising the airborne observations conducted by the
diffraction spectrometer ﬂown on the research aircraft dur-
ing its multiple ﬂights above sand surfaces (see Table 1).
Figure 4 (see also Table 5 for errors) depicts the spectral
dependence of the sand albedo, as deduced from the aircraft
near-ground (≈0.5km) observations of the radiative upward
and downward ﬂuxes made over the Kara-Kum Desert on
12 October 1983, 13 October 1983 and 23 October 1984.
Inspection of Fig. 4 shows that the multiple albedo proﬁles
derived from the spectrograms collected over sand follow a
quadratic polynomial, with maximum sand albedo at the NIR
spectral range.
A comparison between Figs. 1 and 4 reveals that the spec-
tral dependence of water and sand albedo is opposite. Al-
though both start from a typical albedo value of 0.08 in the
UV spectral region, the sand albedo increases by around a
tenfold value in the NIR region, whilst the water albedo de-
creases by 20–50%.
3.2.2 Sand albedo vs. wavelength in the UV region
It would be interesting to investigate now the variation in the
sand albedo as a function of wavelength in the UV region.
Figure 5 illustrates the variation of the sand albedo vs. wave-
length in the UV spectrum, as deduced from the airborne ob-
servations of the radiative upward and downward ﬂuxes that
were measured on eleven experimental days with multiple
aircraft ﬂights.
A remarkable minimum of the sand albedo is clearly seen
in Fig. 5 just after a very noisy albedo region varying be-
tween 0.05 and 0.18. It is interesting to recall at this point the
water albedo maximum observed at the same wavelength, i.e.
365nm (Fig. 1). Low values of sand albedo and the transpar-
ent absorption band at 950nm shown in Fig. 4 might thus be
explained by increased moisture of sand.
3.2.3 Sand albedo vs. wavelength in the visible IR
region
In the following, the sand albedo variation as a function of
wavelength in the visible NIR spectral region is investigated.
Several experimental albedo proﬁles for sand are shown in
Fig. 6 (see also Table 6 for errors). For these proﬁles the best
simulation is achieved with a second-order polynomial ﬁt,
as in Fig. 4. A comparison between Figs. 6 and 4 shows that
neglectingthefragmentofthealbedoproﬁlethatcorresponds
to the UV spectrum renders the simulation of the second-
order polynomial more accurate (much higher R2).
3.3 Spectral snow albedo
3.3.1 Snow albedo vs. wavelength in the entire
solar spectrum
The case of snow is of special interest. This is due to the fact
that the snow state is of crucial importance for the proﬁle of
its spectral albedo dependence. In this regard, Fig. 7 shows
the calculated values of the snow albedo, derived from the
airborne observations of the upwelling and downwelling ra-
diative ﬂuxes determined during several experimental days.
A general conclusion drawn from Fig. 7 is that the snow
albedo values decrease from UV to the NIR wavelengths in-
dependently of the snow state and the sky condition. In par-
ticular, the blue and aqua (fresh snow) lines depict the albedo
snow values that were observed at the Arctic drift station in
1979 (Radionov et al., 1981), the cornﬂower line that of the
Arctic drift station in 1979 again, but under cloudy sky, and
the cyan line that of the Arctic drift station in 1979, but for
wet snow under cloudy sky.
The direct conclusion is thus that the wet snow is charac-
terised by a 45% reduction in the albedo spectral proﬁle. The
proﬁle of the wet snow albedo was also measured at Ladoga
on 28 April 1985 (dark green line in Fig. 7) and on 29 April
1985 (green line in Fig. 7). The brown line in Fig. 7 illus-
trates the snow albedo measured at Ladoga on the overcast
day of 20 April 1985.
A comparison between Figs. 1 and 7 reveals that the spec-
tral dependence of snow albedo behaves similarly to that of
water, notably that both albedos decrease from the UV to
the NIR wavelengths by 20–50%, despite the fact that their
values differ by one order of magnitude (water albedo being
lower).
3.3.2 Snow albedo vs. wavelength in the UV region
In Sect. 3.3.1 and in particular in Fig. 7 it has been no-
ticed that the proﬁles observed at Ladoga on 28 April 1985,
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Figure 3. Spectral dependence of water albedo (above Lake Ladoga) in the visible and near-infrared spectra (neglecting UV), as deduced
from airborne observations conducted on six consecutive days.
Table 6. Dates and ﬁt equations along with the errors of the coefﬁcients for sand albedo shown in Fig. 6. All given a, b, and c values are
statistically signiﬁcant at the 95% conﬁdence interval.
Dates Second-order polynomial Error for a Error for b Error for c
ﬁt equation
(y =ax2+ bx+c)
9 Oct 1983 y =−2×10−6x2+ 0.0027x − 0.7092 3.6×10−8 4.9×10−5 0.0161
10 Oct 1983 y =−1×10−6x2+ 0.0023x − 0.6243 2.2×10−8 3.0×10−5 0.0099
11 Oct 1983 y =−1×10−6x2+ 0.0022x − 0.581 2.2×10−8 3.0×10−5 0.010
12 Oct 1983 y =−2×10−6x2+ 0.0031x − 0.8362 6.8×10−8 9.4×10−5 0.0308
13 Oct 1983 y =−1×10−6x2+ 0.0021x − 0.5067 2.9×10−8 4.0×10−5 0.0132
14 Oct 1983 y =−1×10−6x2+ 0.0025x − 0.6439 3.2×10−8 4.5×10−5 0.0147
16 Oct 1983 y =−2×10−6x2+ 0.0029x − 0.8059 7.6×10−8 1.0×10−4 0.0341
19 Oct 1984 y =−2×10−6x2+ 0.0029x − 0.7338 4.8×10−8 6.6×10−5 0.0218
23 Oct 1984 y =−1×10−6x2+ 0.0023x − 0.5344 3.3×10−8 4.5×10−5 0.0149
24 Oct 1984 y =−2×10−6x2+ 0.0032x − 0.7814 5.4×10−8 7.5×10−5 0.0245
26 Oct 1984 y =−2×10−6x2+ 0.0035x − 0.8911 7.5×10−8 1.0×10−4 0.0341
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Table 7. Dates and ﬁt equations along with the errors of the coefﬁcients for snow albedo shown in Fig. 9. All given a, b, and c values are
statistically signiﬁcant at the 95% conﬁdence interval.
Dates Second-order polynomial Error for a Error for b Error for c
ﬁt equation
(y =ax2+ bx+c)
20 Apr 1985 y =−7×10−7x2 +0.0005x +0.5743 7.8×10−8 1.1×10−4 0.0357
28 Apr 1985 y =−6×10−7x2 +0.0003x +0.6252 5.2×10−8 7.2×10−5 0.0236
29 Apr 1985 y =−2×10−7x2 -0.0002x +0.6215 6.5×10−8 9.0×10−5 0.0300
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Figure 4. Spectral dependence of the sand albedo. For instance,
blue line: measured at the Kara-Kum Desert on 12 October 1983,
turquoise line: measured at the Kara-Kum Desert on 13 October
1983, and violet line: measured at the Kara-Kum Desert on 23 Oc-
tober 1984.
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Figure 5. Spectral variability of albedo for the sand surface (above
the Kara-Kum Desert) in the UV region measured on 9 October
1983 (black line, 330–400nm), 10 October 1983 (red line, 330—
400nm), 11 October 1983 (green line, 330–400nm), 12 October
1983 (pink line, 330-400nm), 13 October 1983 (violet line, 330–
400nm), 14 October 1983 (bright green line, 330–400nm), 16 Oc-
tober 1983 (brown line, 350–400nm with a step of 10nm), 19 Octo-
ber 1984 (blue line, 330–400nm), 23 October 1984 (turquoise line,
330–400nm), 24 October 1984 (grey line, 330–400nm), and 26 Oc-
tober 1984 (orange line, 330–400nm).
29 April 1985 and on the cloudy day of 20 April 1985 are
characterised by a decrease in snow albedo as a function of
wavelength from the UV to the infrared spectrum. However,
in the UV spectrum this decrease is not the case. That is why
the snow albedo derived from the airborne radiative upward
and downward ﬂuxes conducted on the same dates shown in
Fig. 7 (20, 28, and 29 April 1985) is plotted in Fig. 8 along
with the additional experimental days 26 March 1984 and 14
April 1985.
ThemessagetakenfromFig.8isthatthereisnosuchlong-
term decrease in snow albedo with wavelength in the UV re-
gion. Instead, it may be said that the snow albedo vs. UV
wavelength is almost constant, despite the short-term ﬂuctu-
ations, especially in the short wavelengths. Focusing on the
brown line (29 April 1985), a very slow increase in albedo
towards high wavelengths is noted, which is consistent with
the observations made by Feister and Grewe (1995) for the
spectral albedo of snow-covered surfaces. It is noteworthy
that a characteristic minimum in the snow albedo proﬁle is
seen clearly around 365nm on 26 March 1984 (black line)
and 14 April 1985 (blue line), which was also observed in
the sand albedo proﬁles (Fig. 5).
3.3.3 Snow albedo vs. wavelength in the visible IR
region
Now, keeping in mind the non-sensitivity of the snow albedo
in the UV spectrum shown in Sect. 3.3.2, the snow albedo
variability as a function of the visible infrared wavelengths
is investigated. Figure 9 shows the variability of the snow
albedo values as a function of the visible NIR wavelengths.
ItisevidentfromFig.9(seealsoTable7forerrors)thatthe
best ﬁt simulating these graphs satisfactorily is the second-
degree polynomial. It should be stressed that although the
simulation in the sand and snow proﬁles vs. wavelength in
the visible NIR spectrum is achieved by the second-degree
polynomial, their slopes are opposite. In addition, the results
depicted inFig. 9 (as wellas in Fig. 3)do not supportthe sug-
gestion by Feister and Grewe (1995) that the spectral albedo
generally increases with increasing wavelengths for all kinds
of surfaces.
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Figure 6. Spectral dependence of albedo for the sand surface (above the Kara-Kum Desert) in the visible and infrared spectra, as deduced
from airborne observations conducted on the following 11 days: 9 October 1983 (401–978nm), 10 October 1983 (401–978nm), 11 October
1983 (401–978nm), 12 October 1983 (401–978nm), 13 October 1983 (401–978nm), 14 October 1983 (401–978nm), 16 October 1983
(410–950nm with a step of 10nm), 19 October 1984 (401–978nm), 23 October 1984 (401–978nm), 24 October 1984 (401–978nm), and
26 October 1984 (401–978nm).
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Figure 7. Spectral dependence of the snow albedo under different
snow and sky conditions. The blue and aqua (fresh snow) lines: at
the Arctic drift station in 1979. The cornﬂower line: at the Arctic
drift station in 1979 under cloudy sky. The cyan line: at the Arctic
drift station in 1979 for wet snow under cloudy sky. The dark green
line: at Ladoga on 28 April 1985 (wet snow). The green line: at
Ladoga on 29 April 1985 (wet snow). The brown line: at Ladoga on
the cloudy day of 20 April 1985 (wet snow).
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Figure 8. Spectral dependence of the snow albedo (Lake Ladoga)
under different snow and sky conditions in the UV region: 26 March
1984 (black line, fresh snow, 330–400nm), 14 April 1985 (blue
line, wet snow, 343–400nm), 20 April 1985 (green line, cloudy,
wet snow, 350–398nm with a step of 4nm), 28 April 1985 (red
line, wet snow, 330–400nm), and 29 April 1985 (brown line, wet
snow, 330–400nm, with a step of 10nm).
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Figure 9. Spectral dependence of snow albedo (Lake Ladoga) in the visible and infrared spectra, as deduced from airborne observations
conducted on 20 April 1985 (cloudy, wet snow, 402–968nm, with a step of 4nm), 28 April 1985 (wet snow, 401–978nm), and 29 April 1985
(wet snow, 410–970nm, with a step of 10nm).
3.4 Utility of the spectral albedo functions for remote
sensing applications
As mentioned in the Introduction, surface albedo plays a cru-
cial role in remote sensing applications. For instance, it is a
key parameter in satellite climate change monitoring, since
it controls the radiation energy budget. However, the surface
albedo constitutes a signiﬁcant source of radiative uncertain-
ties in the current general circulation models that require an
absolute accuracy of 0.02–0.05 units for snow albedo, a tar-
get that is not feasible, as yet, by the albedo retrieved from
remote sensing data.
The spectral functions of the near-ground albedo proposed
in this study provide a suitable tool for overcoming this dif-
ﬁculty, since the mean absolute accuracy for snow albedo in
NIR (±0.005 in Fig. 9) is almost one order of magnitude
lower than the ones requested by the models.
Another remote sensing application is the monitoring of
the Earth’s radiation budget, which is traditionally calculated
astheabsorbedshortwaveradiationminustheoutgoinglong-
wave radiation, utilising the surface albedo as the critical
parameter. This has been discerned from the Earth Radia-
tion Budget Experiment (ERBE), where it is obvious that
small albedo deviations correspond to large amounts of en-
ergy, thus inﬂuencing regional and global climate. As men-
tioned in the Introduction, albedo is dependent on the bidi-
rectional reﬂectance distribution function, and the assump-
tion that the surface reﬂects isotropically (i.e. equally at all
angles, thus referred to as “diffuse albedo” or “hemispher-
ical albedo”) can lead to large errors when surfaces appear
with high anisotropy. This is very important in the efforts to
retrieve surface albedo measurements from satellite remote
sensing data. As an example, a strong cooling effect on the
global climate may be concluded from the assumption of a
high snow albedo, i.e. 0.8. Figures 8 and 9 however show that
thespectralsnowalbedovariesfrom0.95to0.3andtherefore
the afore-mentioned claim is not valid. Similar conclusions
can be drawn for the cases of the water and sand surfaces
that were discussed in Sects. 3.1 and 3.2.
4 Conclusions
Several uncertainties exist in the retrievals of various atmo-
spheric constituents and parameters deduced by spaceborne
instrumentation, which are closely associated with the accu-
racy and precision of the surface albedo. To evaluate and
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improve the quality of satellite retrievals, careful intercom-
parisons with in situ measurements of surface albedo are cru-
cial in order to develop the accuracy, especially for inaccessi-
ble areas where in situ measurements may be expensive and
dangerous. In this context, the above-mentioned discussion
leads brieﬂy to the following conclusions:
1. The near-ground albedo depends strongly on the wave-
length spectrum and the ground surface, but the current
belief that the spectral albedo generally increases with
increasing wavelengths for all kinds of surfaces is not
valid (e.g. see the case of snow).
2. In the case of water surfaces the albedo in the UV
region is governed by rather low wavelength depen-
dence. In the visible and near-infrared spectra the wa-
ter albedo obeys a constant power-law relationship with
wavelength.
3. In the case of sand surface, the sand albedo is a
quadratic function of wavelength, which becomes more
accurate if the UV wavelengths are neglected.
4. The spectral dependence of snow albedo behaves simi-
larly to that of water, i.e. both decrease from the UV to
the near-infrared wavelengths by 20–50%, despite the
fact that their values differ by one order of magnitude
(water albedo being lower). The snow albedo vs. UV
wavelength is almost constant, while in the visible near-
infrared spectrum the best ﬁt is achieved by a second-
degree polynomial, with an opposite slope to that of
sand.
The consideration of these conclusions in the investigation
of the remotely sensed atmospheric constituents and param-
eters may increase their observational accuracy and reduce
the large uncertainties in the radiative forcing, which depend
onthesurfacealbedoinaccuracies(MyhreandMyhre,2003).
In addition, the spectral albedo functions derived above pro-
vide the albedo accuracies required for climate change ap-
plications. Finally, the spectral albedo functions of different
surfaces found above may contribute to the optimisation of
future remote sensing sensors for various applications. Fur-
thermore, although the surface albedo variability in time and
space can be retrieved with the use of remote sensing prod-
ucts available nowadays from different satellite platforms
(e.g. Terra and Aqua MODIS), careful intercomparisons with
in situ measurements of surface albedo are crucial to evalu-
ating and improving the quality of remote sensing products
(Cescatti et al., 2012).
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